Obesity is associated with blood pressure (BP), but the associations between different obesity indicators and BP have not reached agreement. Besides, both obesity and BP are influenced by genetic and environmental factors. Whether they share the same genetic or environmental etiology has not been fully understood. We therefore analyzed the relationship between different obesity indicators and BP components as well as the genetic and environmental contributions to these relationships in a Chinese adult twin sample. Twins aged 18-79 years (n = 941) were included in this study. Body mass index (BMI) was used as the index of general obesity, whereas waist circumference (WC), waist-to-height ratio (WHtR), and waist-to-hip ratio (WHR) were used as the indicators of central obesity. BP components included systolic blood pressure (SBP) and diastolic blood pressure (DBP). Linear regression models and bivariate structural equation models were used to examine the relation of various obesity indicators with BP components, and genetic or environmental influences on these associations, respectively. A strong association of BP components with BMI-and a somewhat weaker association with WC, WHtR, and WHR-was found in both sexes, independent of familial factors. Of these phenotypic correlations between obesity indicators and BP components, 60-76% were attributed to genetic factors, whereas 24-40% were attributed to unique environmental factors. General obesity was most strongly associated with high BP in Chinese adult twins. There were common genetic backgrounds for obesity and BP, and unique environmental factors also played a role.
Hypertension is one of the most prevalent chronic medical conditions in China, with 29.6% Chinese adults having the condition (Wang et al., 2014) . Hypertension represents a major public health challenge as it is considered to be the leading risk factor for cardiovascular mortality and accounts for a large proportion of premature deaths in China (Fang et al., 2014) .
Obesity has been recognized as one of the most important risk factors for hypertension (Hall et al., 2015) . Various anthropometric measures, such as the body mass index (BMI), waist circumference (WC), waist-to-height ratio (WHtR), and waist-to-hip ratio (WHR), have been proposed to define obesity. In recent years, emerging data have suggested that abdominal obesity is a more important risk factor for cardiovascular and metabolic diseases than is general obesity (Janssen et al., 2004) . In most of the previous reports, the comparisons between these obesity indicators and hypertension have not reached an agreement, as some studies propose the use of central obesity indicators (Gus et al., 2004) , whereas others have found them to be equivalent (Nyamdorj, Qiao, Lam, et al., 2008) or advocate their combined use (Lam et al., 2015) .
Previous twin studies have shown that underlying continuous traits for both hypertension and obesity are significantly heritable. Heritability estimates for both systolic blood pressure (SBP) and diastolic blood pressure (DBP) are between 40% and 60% , and the heritability for obesity-related phenotypes is also received 22 June 2016; accepted 7 November 2016 address for correspondence: Liming Li and Wenjing Gao, Department of Epidemiology and Biostatistics, School of Public Health, Peking University, 38 XueYuan Rd., HaiDian District, Beijing 100191, China. E-mail: lmlee@vip.163.com, pkugwj@qq.com substantial . As most previous studies were unable to control for the individual genetic variability, it is therefore unknown whether the previous associations between obesity indicators and hypertension were attributable to shared genetic vulnerabilities influencing both phenotypes. Twin design is seen as a useful method of controlling confounders in observational epidemiologic studies. In particular, monozygotic (MZ) twins, who are completely matched for any variations in their genetic background, provide an extremely powerful control for genetic confounding factors. As such, comparing twins within pairs can provide a powerful control for genetic and shared environmental confounding factors that are typically different among unrelated individuals (McGue et al., 2010) .
Several previous twin studies have shown that the association between blood pressure (BP) and obesity is independent of genetic factors (Newman et al., 1990) , although other studies indicated the existence of a low-moderate common set of genetic and environmental backgrounds influencing both BMI and BP (Cui et al., 2002; Nelson et al., 2006; Wu et al., 2015) . However, most of these studies focused on BMI as the indicator of obesity and were performed with Caucasian participants. Twin studies exploring the role of central fat accumulation, and in particular intra-abdominal or visceral fat deposits, in hypertension are rare.
Therefore, the purpose of this research was to examine the association of obesity indicators with BP components (SBP and DBP) using a sample of Chinese adult twins from the Chinese National Twin Registry (CNTR). Two specific obesity indicators were examined: (1) general obesity indicator (BMI) and (2) central obesity indicators (WC, WHtR, and WHR). Further, we extended the current study by estimating genetic and environmental contributions to the association of obesity indicators with SBP and DPB.
Methods

Study Sample
The participants belong to the CNTRwhich has been described previously (Li et al., 2013) . During April-December 2013, a total of 1,147 subjects underwent a survey in Shandong, Zhejiang, Jiangsu, and Sichuan provinces. Twins were excluded from this study if they: (1) had a history of cancer, diabetes, cardiovascular heart disease, and stroke; (2) were being treated with medication affecting weight (e.g., insulin, thyroxin, and antipsychotic medication); (3) were without SBP or DBP measures. Finally, a total of 941 individuals (413 completed twin pairs and 115 individuals) were eligible for this study.
The determination of zygosity was based on age, gender, questions of appearance confused by strangers, and previously perceived zygosity from questionnaires. This method has been validated using DNA genotyping from 192 pairs of same-gender twins and found to have an AUC of 89.03% . All participants provided their written informed consent, and the Biomedical Ethics Committee at Peking University, Beijing, China approved the study protocol.
Physical Examination Measurements
Physical examinations were done in the same way in different sites, and all investigators were trained and qualified for measurements. Height was measured to the nearest 0.1 cm on a stadiometer, whereas weight was measured to the nearest 0.1 kg using a digital balance (Body Composition Analyzer/Scale, TANITA, Tokyo, Japan). BMI was calculated using the standard way: weight (kg)/height 2 (m). Waist and hip circumferences were measured to the nearest 0.1 cm using a standard tape with the subject in a standing position. WC was measured over the unclothed abdomen at the narrowest point between the costal margin and iliac crest, and hip circumference was measured over light clothing at the level of the widest diameter around the buttocks. WHR was calculated as WC (cm) divided by hip circumference (cm), whereas WHtR was calculated as WC (cm) divided by height (cm). Three consecutive BP readings were obtained after resting quietly in a seated position for 5 min by using a standard electronic sphygmomanometer with an interval of at least 30 s between measurements. The mean value of the three measurements was used in the analyses.
Assessment of Covariates
Covariates were obtained from questionnaire in this survey, including socio-demographic characteristics (age, sex, region, and socio-economic status (SES)) and lifestyle behaviors (tobacco smoking, alcohol drinking, and physical activity). Region was assessed by site of investigating (Shandong, Zhejiang, Jiangsu, and Sichuan province). SES was coded as low, medium, and high, as described in a previous study . Smoking was categorized as never smoking and ever smoking. Alcohol drinking status was similarly defined as never drinking and ever drinking. Self-reported salt-eating habit was recorded as low, medium, and high according to participants' responses to 'How salty do you usually eat your food?' . Participants' exercise activities in occupation, transportation, daily life, and leisure time were assigned a metabolic equivalent task (MET) value, using the Compendium of Physical Activities by Ainsworth et al. (2000) .
Statistical Methods
Gender-specific descriptive analyses were used to examine sample differences in study covariates, obesity indicators, and BP components; p values were corrected for the correlation between co-twins.
Phenotypic correlations between the traits were made either between individuals or between co-twins in a pair. Co-twin differences of obesity-related measures were calculated for each twin pair and the biochemical variables by using the difference of log-transformed values (co-twin difference = twin1− twin2), which are defined by birth order. Spearman rank correlations were used to examine the relation between these measures. To determine the population (between-individual) effects, we used a sex-specific, mixed-effect linear regression model with a random intercept for each twin pair to account for twin clustering (Carlin et al., 2005) in the entire sample, treating twins as individuals to examine the relationship between obesity indicators and BP components. Further, to investigate whether these associations were confounded by familial factors, we applied co-twin regression analyses within MZ twin pairs with R 2 values calculated. The within-pair approach automatically takes into account shared genetic and environmental influences. In order to make a comparison between effects of different obesity indicators on BP components, we standardized all the obesity indicators into z scores for each linear regression model. A z score was calculated for each measurement as the observed value minus the mean value, divided by the standard deviation within each stratum of age and gender group (Wang et al., 2007) . We also explored effect modification of the obesity-BP relationship by gender. All models were adjusted for age, zygosity, region, SES, smoking status, drinking status, salt-eating habit, and MET value.
Both SBP and DBP were handled after logarithmic transformation in the regression analyses. Robust standard error and confidence intervals for estimates have been produced. All the statistical analyses were performed with Stata statistical software (release 12.0; Stata Corporation, College Station, TX). P values were two-sided, and statistical significance was assumed at p < .05. A structural equation model was used to examine the extent to which genetic or environmental variance were correlated across obesity indicators and BP components. At first, intraclass correlation coefficients (ICCs) were calculated. For genetic analyses, we fitted a univariate structural equation model to separate the observed phenotypic variance into its genetic and environmental components: additive (A) genetic components and common (C) or unique (E) environmental components. A nested model for which A or C was equated to zero was also fitted, and Akaike Information Criterion (AIC) was used for comparison of goodness of fit of the models. Next, based on the best-fit model, we fitted the bivariate Cholesky decomposition models to calculate genetic (r G ) and environmental correlations (r E ) between obesity indicators and BP components and 95% CIs. All model-fitting analyses and maximum-likelihood parameter estimates were performed in OpenMx (Version 1.4) with log-transformed BP components and z-scored data of obesity indicators among same-sex twin pairs. All variance components of obesity indicators were estimated with inclusion of age, sex, region, SES, smoking status, and drinking status as covariates, whereas variance components of BP measures were additionally adjusted for salt-eating habit in the models. MET value was not included because of 55 missing values.
Results
Sample Characteristics
A total of 941 individuals, including 248 complete MZ twin pairs and 165 complete dizygotic (DZ) twin pairs, were included in this study, of which 65% were male twins. The distribution of epidemiological and physical characteristics by gender is given in Table 1 . In general, men and women did not differ in age and SES. Compared with men, women smoked less, consumed less alcohol, got less physical activity, and were less likely to have a salty taste (p < .05 for all comparisons). With respect to physical indicators, men were heavier and had a larger WC and WHR than those of women (p < .001 for all comparisons). SBPs and DBPs were also significantly higher in men than in women (p < .001).
Associations of Obesity Indicators with BP Components
Spearman rank correlations between the measures of obesity and BP were analyzed for each individual separately and within twin pairs (Table 2) . After twin-pair normalization, that is, after controlling for genetic factors, the positive correlations of BMI, WC, and WHtR with SBP and DBP became more pronounced than the correlations performed in individual subjects.
The results of multiple regression models examining the associations of obesity indicators with BP components in the whole twin sample as well as within MZ twin pairs are presented in Tables 3 and 4 . In the whole sample, treating twins as individuals, a positive relationship was observed between obesity indicators and BP components in both genders (Table 3 ). In further analyses controlling for familial factors within 248 MZ twin pairs, obesity indicators still exerted significant associations with BP components (Table 4 ). In order to compare the strength of the association for various obesity indicators in relation to BP components, we further standardized all the obesity indicators into z scores and performed similar linear regression within MZ twin pairs. As shown in the bottom of Table 4 , there existed a stronger positive correlation of BP components with BMI than with other measures of obesity. The proportion of the variance in the levels of BP components explained by obesity indicators varied (6-11%), and obesity indicators in our models with larger β coefficients had relatively higher R 2 values, accounting for more variability of the BP components. Among these obesity measurements, BMI explained the highest variance in both SBP and DBP levels, whereas WHR explained the lowest variance in levels of SBP and DBP. Tests for statistically difference in association of different measures of obesity with BP components between male and female MZ twins supported a sex-specific role of BMI on DBP (BMI-by-sex interaction, p = .037, Supplementary Note: SD = standard deviation; MZ = monozygotic; SES = socio-economic status; MET value = metabolic equivalent value; BMI = body mass index; WC = waist circumference; WHtR = waist-height ratio; WHR = waist-hip ratio, SBP = systolic blood pressure; DBP = diastolic blood pressure. N = 941 individuals (413 twin pairs and 115 individuals) and percentage may not sum to total due to missing values. a p values were corrected for the correlation between co-twins. b MET values were available for 886 individuals. Table 1 ).
Genetic and Environmental Contributions to the Obesity-BP Associations
The obesity indicators and BP components were all traits influenced by genetic factors. This was reflected by a higher ICC in MZ twins than in DZ twins ( Supplementary Table  2 ). We first fitted a saturated model (ACE model) that allowed for additive genetic (A), common environmental (C), and unique environmental (E) components for each obesity indicator and BP component. We also fitted alternative models for which A, C, and E were equated to zero, that is, CE, AE, and AC models, respectively. Chi-square and AICs were used for comparison of goodness of fit of the models. We presented the estimates from the best-fitted models that TWIN RESEARCH AND HUMAN GENETICS Supplementary Table 3 . In general, after multiple adjustments, the estimate of heritability was 60.9% for SBP and 63.5% for DBP. For obesity-related measures, heritability was estimated lowest for WHR at 44.5%, whereas it was highest for BMI at 63.0%. The bivariate Cholesky decomposition models were then used to decompose phenotypic correlation into additive genetic and unique environmental correlations. The results revealed high genetic correlation between SBP and DBP, and low-moderate genetic association of BMI and WC with SBP and DBP, as well as WHtR and WHR with DBP. Significant unique environmental effects also contributed to these relationships. Among these phenotype pairs, 60-76% of the total phenotypic correlations between each phenotype pair were determined by genetic factors, whereas the remaining 24-40% were explained by unique environmental factors in this Chinese adult twin sample (Table 5 ).
Discussion
This study on a sample of Chinese adult twins showed a strong association of BP components with BMI, and a somewhat weaker association with WC, WHtR, and WHR when using within-pair analyses in MZ twins. To a large degree, shared genetic factors contributed to these associations, with the remaining explained by unique environmental factors.
Obesity has been well known as a risk factor for hypertension, but it is still unclear whether this risk can better estimated by general obesity measures or central obesity measures. The regression analyses showed that there were significant associations between obesity indicators and BP components in all twins. When controlling for familial factors using MZ twins, BMI had a stronger association with BP components than central obesity indicators in both sexes. In a meta-analyses study of Asians (Nyamdorj, Qiao, Lam, et al., 2008) , hypertension had a stronger association with BMI than central obesity measures in both men and women, which supported our findings. In several other previous studies, compared with other adiposity indices, BMI had a stronger association with SBP and DBP in Chinese children and adolescents (Wang et al., 2008) , in Mauritian Indian women (Nyamdorj, Qiao, Soderberg, et al., 2008) , in Japanese women (Sakurai et al., 2006) , and in men in the United States (Roka et al., 2015) . These results are similar to ours, but some found gender differences in the association between various obesity-related measures and BP (Sakurai et al., 2006; Roka et al., 2015) that was not found in this study. The observed differences between these studies and our study may be explained by differences in the study population, study design, and sample size, as well as by differences in adjustments. Analyses stratified by sex revealed that increasing BMI exerted a sex-specific deleterious role on DBP, being stronger within MZ male twins than within MZ female twins, which needs to be replicated in other studies.
In keeping with earlier twin studies (Maes et al., 1997; Schousboe et al., 2003; Zhou et al., 2015) , the overall heritability estimates for obesity indicators and BP components were moderate to high, ranging from 44.5% to 63.5%. These results indicated that this phenotypic variation was largely due to genetic effects. By decomposing phenotypic correlation into additive genetic and unique environmental correlations, the variable estimates by Cholesky decomposition further revealed that the phenotype correlation among obesity indicators and BP components had genetic backgrounds. A genetic correlation of 1.0 would indicate that genetic influences on the two traits completely overlap, whereas a genetic correlation of zero would indicate that entirely different genes influence the two traits (Y. Wu et al., 2015) . We found high genetic correlations between SBP and DBP, indicating that genes identified as affecting SBP may overlap with those associated with DBP. This opinion has been supported by a recent BP genome-wide association study (Ehret et al., 2011) , which has found that 29 independent SNPs at 28 loci were significantly associated with both SBP and DBP. On the contrary, the estimate of genetic association of obesity indicators with BP components was much weaker but still significant, and the results of genetic correlation between BMI and SBP as well as DBP were close to the results of another two Chinese twin studies (Wu et al., 2011; Wu et al., 2015) . In addition, genetic contribution to observed phenotypic correlation was also calculated for these phenotype pairs. A high genetic correlation may not always mean that genes contribute largely to the observed correlation, whereas a high genetic Note: n = 242 monozygotic and 105 dizygotic twin pairs. r G = genetic correlation between two phenotypes; r E = unique environmental correlation between two phenotypes; c G and c E = genetic and unique environmental contributions to the correlation between two phenotypes, respectively; cG = rG * √ A1 * A2; cE = rE * √ E1 * E2; rP = rG * √ A1 * A2 + rE * √ E1 * E2; % G and % E = percentage of genetic and unique environmental contributions to the correlation between two phenotypes. SBP = systolic blood pressure; DBP = diastolic blood pressure; BMI = body mass index; WC = waist circumference; WHtR = waist-height ratio; WHR = waist-hip ratio. Models were adjusted for age, sex, region, socio-economic status, smoking status, and drinking status for variance component of obesity-related measures, while additionally adjusted for salt intake for variance component of SBP and DBP. a % G and % E were only calculated in phenotype pairs with significant r G and r E . contribution to observed phenotypic correlation would suggest that phenotypic correlation between the traits is largely due to genetic effects. In this study, a large genetic contribution to phenotypic correlations was found among obesity indicators and BP components (60-76%), which was consistent with the results obtained by Choh et al. (2001) in American Samoan families, as well as by Duan et al. (2011) in Chinese Qingdao twin samples. In one early study of the phenomenon, data on 2,508 adult male twins have suggested the presence of a common underlying factor mediating the clustering of hypertension and obesity, of which 59% was contributed by genetic factors (Carmelli et al., 1994) . Recently, a study showed that there were genomic regions exerting pleiotropic effects on obesity and cardiovascular disease risk factors (Rankinen et al., 2015) , which supported our findings.
Unique environmental factors also contributed to the associations between obesity indicators and BP components. This observation was in line with our previous re-gression analyses in identical twins, as well as another twin study (Newman et al., 1990) , which showed that obesity was associated with BP independent of genetic background. Previous studies also showed that the environmental factors influenced the clustering of hypertension, and obesity appeared to be specific rather than shared by co-twins (Carmelli et al., 1994) . Since obesity-related, non-genetic factors played a significant contribution to higher BP, there is a potential for obesity-related comorbidities prevention through modification of environmental factors. Taken together, both genetic and unique environmental factors explained the associations between obesity indicators and BP components, among which additive genetic correlations were stronger than unique environmental correlations. This is the first study conducted in China using a sample of adult twins to evaluate and compare the association between various obesity indicators and BP components adjusting for multiple lifestyle factors. However, this study is not without its limitations. First, obesity indicators are all surrogate measures of obesity, and a more direct and accurate assessment of adiposity measured by dual-energy Xray absorptiometry (DXA) or computed tomography (CT) may be less error-prone; however, studies have observed the discriminatory capability of those simpler measures to be equal to or even more robust than the measures derived from DXA or CT in prediction of metabolic syndrome or visceral fat (Beydoun et al., 2011; Soto et al., 2007) . In addition, salt-eating habit was used as a surrogate measure of salt intake of the subjects in the analyses, which might be inaccurate. However, studies have found that the selfreported salt-eating habit had the ability to predict actual salt intake in adults (Lee et al., 2014) . Second, as we had no detailed information on energy intake, the possibility of residual confounding by the unmeasured covariates cannot be excluded. Third, although our current sample size allowed us to demonstrate an association between obesityrelated measures and BP components, an even larger sample size would be required to detect more subtle associations. Finally, this study is a cross-sectional study; thus, causality cannot be drawn from the association observed.
In summary, using a twin design to better control for confounders, we observed different associations between obesity indicators and BP components and demonstrated that BMI associated with BP components better than other central obesity measures. Of these phenotypic correlations, 60-76% was attributed to genetic factors, whereas the remaining 24-40% was attributed to unique environmental factors. As genetic factors explained a large proportion of obesity-BP relation, further studies are needed to determine specific genes that influence both obesity-related measures and BP components. Furthermore, prospective studies using a larger sample, preferably with direct measures of visceral obesity and detailed information on energy intake, are required to determine whether the direct measures will provide more information above and beyond surrogate measures of central obesity in the prediction of high BP.
